We used quantitative trait loci (QTL) mapping to evaluate the age specificity of naturally segregating alleles affecting life span. Estimates of age-specific mortality rates were obtained from observing 51,778 mated males and females from a panel of 144 recombinant inbred lines (RILs). Twenty-five QTL were found, having 80 significant effects on life span and weekly mortality rates. Generation of RILs from heterozygous parents enabled us to contrast effects of QTL alleles with the means of RIL populations. Most of the low-frequency alleles increased mortality, especially at younger ages. Two QTL had negatively correlated effects on mortality at different ages, while the remainder were positively correlated. Chromosomal positions of QTL were roughly concordant with estimates from other mapping populations. Our findings are broadly consistent with a mix of transient deleterious mutations and a few polymorphisms maintained by balancing selection, which together contribute to standing genetic variation in life span.
LUCIDATION of key metabolic pathways in age-
between molecular genetics-focusing on strong phenotypes with little evolutionary relevance-and evoludependent physiological deterioration will have great medical benefit. Recent discoveries of genes that tionary biology, which is sometimes guilty of disregarding molecular mechanisms (Flatt 2004) . extend longevity in model species suggest a remarkable degree of conservation between taxa (Partridge and Another approach is to map quantitative trait loci (QTL) affecting life span of different Drosophila popuGems 2002). In Drosophila, the insulin signaling pathway and intermediary metabolism; response to oxidalations, including standard lines (Nuzhdin et al. 1997) and populations selected for long life via delayed reprotive, heat, and other stresses; biogenic amine synthesis; steroid hormones; membrane and mitochondrial funcduction (Curtsinger et al. 1998; Resler et al. 1998; Curtsinger and Khazaeli 2002; Forbes et al. 2004 ; tion; DNA repair and replication; and telomere length have all been implicated (see Geiger-Thornsberry and Khazaeli et al. 2004; Valenzuela et al. 2004) , and then compare QTL positions with those of candidate genes. Mackay 2004 for a review). The next significant challenge will be to identify mutations that increase longevLife span QTL mapped by Mackay's lab are close to metabolic enzymes Adh and Pgm, the insulin degradaity not only in the lab-specific genotypes and environments, but also in natural populations (Spencer et al. tion metalloproteinase gene Ide, proteins essential for protein synthesis EF1␣, and genes involved in the elimi-2003).
Most populations harbor substantial genetic variation nation of reactive oxygen species Sod and Cat (Leips and Mackay 2002) . The Sod/Cat region also turns up for life span, with heritability estimates ranging from 0.1 to 0.3 (Curtsinger et al. 1995; Mackay 2002) . Mutations in studies from the Curtsinger lab, although there is no evidence for differences in Sod activity (Curtsinger with adverse effects on mortality-either unconditionally deleterious (Medawar 1952) or under balancing selecand Khazaeli 2002). Low xanthine dehydrogenase (lxd) also maps nearby and potentially contributes to tion (Williams 1957 )-contribute to the heritable variation. Which genes are responsible for this variation? Two life span differences (Tahoe et al. 2002) .
More refined deficiency and linkage disequilibrium approaches have been taken to answer the question.
mapping have established Dopa decarboxylase (Ddc) as Geiger- Thornsberry and Mackay (2004) used quantia strong candidate modifier of life span (Pasyukova et tative complementation tests to establish that 5 of 16 a al. 2000; DeLuca et al. 2003) . Remarkably, DeLuca et al. priori selected genes that regulate longevity in various (2003) were able to estimate contributions to life span of lab populations also contribute to naturally occurring natural alleles in, or immediately adjacent to, this locus. variation in life span. This study nicely bridges the gap No association was found between the frequency of haplotypes and their effects on life span. This observation and the pattern of DNA polymorphisms in this locus 1 Repeating the study in different populations could dewe examine survival of 51,778 flies to evaluate the age specificity of QTL effects. termine whether the longevity modification by Ddc is common.
The average life span characteristic of a particular geno-
MATERIALS AND METHODS
type is, in one sense, merely a sum of its mortality trajectory across ages. However, there is a fundamental difference RILs: A panel of 144 RILs was generated by crossing a single virgin female from the F 1 progeny of a fertilized female caught between mean life spans and age-specific mortality rates: in the wild (Winters, CA) to a single male from the F 1 progeny the former give no information about the timing of genetic of a different fertilized female caught at the same location.
effects. Two populations could have identical mean life
The genetic crosses employed and methods for genotyping spans but exhibit very different age-specific mortality the lines are described in detail by Kopp et al. (2003) . Briefly, rates. The distinction is important, because the evolurecombinant F 2 genomes were isogenized by 25 generations of full-sib inbreeding. We assayed positions of roo transposable tionary theory of senescence is entirely dependent upon elements by in situ hybridization to polytene salivary gland the assumption of genetic variants that have age-specific chromosomes with a biotinylated DNA probe (Shrimpton et effects on survival (Medawar 1952; Wiilliams 1957; al. 1986) . Hybridization was detected using the Elite Vectastain To date, only one study in Drosophila has docuthan one complementation group) or gave a hybridization mented age-specific effects of segregating alleles that signal that was too weak to be scored reliably. One hundred modify life span. Curtsinger and Khazaeli (2002) twenty-three markers were retained for the analysis, and refound evidence for QTL that alter weekly mortality rates combination distances between them were calculated as in in a population of recombinant inbred lines (RILs) and Mezey et al. (2005) . Two of the founding third chromosomes appeared to be identical except for chromosome tips (Kopp also have positive pleiotropic association with midlife used to establish long-lived flies, as they were selected 17E, and 19AB; 1E, 4B, 5A, 6E, 7F, 8D, 9A, and 16F; 5D, 11CD,  for the ability to survive to old age and then reproduce and 13A); four haplotypes for the second chromosome (21C, 22C, 33F, 48D, 53E, 55A, 55D, and 58D; 22A, 23F, 30D, 31F, . The age-specific 36F, 37C, 49F, 51A, 54A, 54C, 55C, 57B, and 59D; 22B, 24CD, properties of mortality alleles segregating in natural 25D, 28C, 33B, 38A, 41CE, 41F, 42B, 47E, and 48A; 30B, 34EF, populations are not known. 37B, 38CD, 44C, 49B, 50C, and 53A); and three haplotypes It might be possible to use quantitative complementaof the third chromosome (61C, 63F, 64D, 64E, 66A, 66B, 67D, tion methods to fill the gap, but a problem looms. One 67F, 69A, 70C, 76B, 79A, 79C, 79F, 83D, 84DE, 85D, 86D, 87A, 87B, 87E, 87F, 89AB, 94D, 96C, 97B, and 100C; 63E,  would produce two genotypes for each of two compared 65AB, 67C, 73C, 76C, 77B, 77D, 82C, 84F, 85E, 86B, 88E,  alleles-a heterozygote with the null (or deletion) and 89EF, 90EF, and 92E; 62EF, 64B, 64C, 65C, 65E, 73D, 77E,  a heterozygote with the wild type (usually on a balancer 78E, 83F, 86C, 86E, 88C, 90D, 93B, 94B, 98F, and 100B). Note chromosome; Mackay and Fry 1996) . Significance of that some of markers reported by Kopp et al. (2003) were genotype-by-allele interaction would indicate a lack of dropped from our current analysis as estimates for recombination distances between them and nearby markers were inconcomplementation . While this sistent. The fourth chromosome was marked by 102EF. This approach could be conducted across ages to address marker was not significantly associated with any of the traits age-specific mortality, such a test would be cumbersome. There are reasons to believe that the dominance of Life span measurements: Life span measurements, all of mortality alleles changes with age (see the review by which were done at the Minnesota laboratory, were obtained in two experimental blocks. In the first block, every RIL was Promislow and Pletcher 2002), which would directly expanded in half-pint bottles under controlled larval density affect the interaction term. Further, the deletion of a using the method of Fukui et al. (1993) . Adult flies of both life span regulator could overwhelm the effect being sexes emerging within 24 hr were collected and numbers were studied. Testing for possibly small age-specific mortality estimated by weight using an electronic balance (Mettler, no. effects in a genetic background of strong-effect dele-BB2400). For each RI line ‫522ف‬ flies of both sexes emerging from a single 24-hr cohort were transferred into a single 3.8-tions is probably not desirable. Here we employ a someliter population cage specially designed for survival studies what less powerful approach, but one that avoids the (Fukui and Kirshner 1993; Promislow et al. 1996) . A total deletion problem. We use QTL mapping in RILs derived of 31,315 flies were studied. In conjunction with ongoing from flies caught in nature (Kopp et al. 2003) . We have No. of flies 14,979 16,336 10,290 10,173 was covered with fine mosquito netting. The cages were inverted over an 11-cm diameter disk of cooked medium, which a The numbers of lines with assayed genotypes were 128 was replaced every other day. Flies were transferred, without and 48; correspondingly, only those lines were retained for anesthesia, to clean population cages every 10 days. Dead flies subsequent analyses. were removed by suction, sexed, and recorded daily until the last death. All RILs were measured contemporaneously in each experimental block.
to the combined effects of other haplotypes. The number of Survival and variance analyses: Survival analyses, including different allelic effects that we can independently estimate is estimation of mortality and hazard functions, were impleequal to the number of segregating haplotypes minus one. mented with SAS procedures LIFETEST (option "lifetable")
Using haplotype-specific marker alleles, we generated a sepaand LIFEREG, with no censoring, and with the sexes treated rate likelihood profile with the composite interval mapping separately. For the analysis of variance, we first log-transformed (CIM) procedure in QTL Cartographer (Basten et al. 1999) . the data for normality (tested with procedure UNIVARIATE;
Options in the CIM module were set to two background pa-SAS Institute 1988, option "normal"). Two-way ANOVAs rameters, window size of 30 cM, and Kosambi mapping funcwere then performed with effects due to sex (fixed), line tion. Significance thresholds were determined by 1000 permu-(random), and line ϫ sex interaction (random). Statistical tations for each trait and chromosome. significance of components of variance was assayed with SAS procedure GLM. Genetic correlations between traits and sexes were approximated as correlations between line means and RESULTS estimated with the SAS procedure CORR.
Single-marker survival analysis: For each marker locus, the dom and fixed effects in a more sensible way than the procedure GLM. We used the model with sex (fixed), line, and line ϫ sex (random). Sex was a significant effect as before (F ϭ 195.06, P Ͻ 0.0001). Comparing the log likelihoods of the full and reduced models-with line and line ϫ sex effects omitted-established significance of the former term ( 2 2 ϭ 107.6), but not of the latter.
The correlation between line means for male and female life spans was estimated as 0.81 within block 1 (P Ͻ 0.0001; Table 3 ) and 0.82 within block 2 (P Ͻ 0.0001). The high correlation of life spans in males and females within experimental blocks is inflated by shared microenvironmental variations, since males and females of each line share the same population cage. This problem can be overcome by examining correlations be- in block 1 are significantly correlated with line means for females of the same genotype in block 2 (r ϭ 0.50, P Ͻ 0.001), and the reciprocal correlation is also signifinificant (P Ͻ 0.0001, Table 2 ). As we (Curtsinger and cant (r ϭ 0.39, P Ͻ 0.01). Note that the phenotypic Khazaeli 2002; Reiwitch and Nuzhdin 2002) precorrelation across blocks estimates the genetic correlaviously observed for mated flies, the sex ϫ line interaction of life span between the two sexes. tion term was not significantly different from zero (TaAs expected, life span was strongly negatively correble 2). We have also redone the analyses with the procedure MIXED (SAS Institute 1988) that treats ranlated with age-specific mortality (Table 3 ). The correla- tions appeared to be the strongest at weeks 4 and 5 for relation of the flies' life spans measured in different environments is not surprising and has been carefully both sexes, when much of the death occurs. Life span is weakly though significantly correlated with mortality documented .
Marker-specific survival analysis:
The genotype of evrate during the first and final weeks of life (Table 3) . Age-specific mortality rates in males and females are ery RIL is known at 123 marker loci. We pooled data over lines and then stratified according to marker locus highly correlated, especially at midlife and the oldest ages. A subset of RILs was previously used in a smaller genotypes for each sex and block. The stratified data were used to test the hypothesis that allelic states are experiment measuring life span and survival in the absence of food (Wang et al. 2004) . Line mean life spans associated with differential survival of flies by using nonparametric Wilcoxon ( Figure 3A ) and log-rank (Figure are positively though not significantly correlated with the present results (Table 4) . Interestingly, the survival 3B) tests. We also used a parametric test of deviation from the Weibull distribution, the null hypothesis being data of Wang et al. (2004) are strongly correlated with both independent measurements of life span. Weak corjustified by the observation that Ϫlog (survivorship) in- creases approximately linearly with age on the log-log the 4 haplotypes of the second chromosome, and in Figure 6 for the three haplotypes of the third chromoscale (data not shown). Significance of the survival differences assuming this distribution was evaluated with some. For every haplotype and trait, we also performed 1000 permutations to define an appropriate 5% signifi-2 (SAS procedure LIFEREG). Each of the three tests was performed for every marker locus, and significance cance threshold. Note that for 10 total haplotypes and 20 traits, we performed 200 analyses altogether, and was evaluated by permutations. The results are largely concordant between tests (see Figure 3) . Marker 38A thus 10 QTL significant at the 0.05 level were expected by chance alone. For block 1, we found 80 significant in the third haplotype of the second chromosome is significantly associated with female survival, and marker QTL in 25 genomic positions-significantly more than expected under the null hypothesis of no trait-genotype 69A of the first haplotype of chromosome 3 is associated with male survival. Females with the roo marker present association. A false discovery rate might be approximated as 10/80 ϭ 12.5%. Note that composite interval at chromosomal location 38A die faster than those carrying the alternative allele at the beginning of life, but mapping detects as significant both QTL 38A and 69A, which were identified by survival analysis. appear to survive better at more advanced ages. However, the QTL analysis described below does not support A summary of QTL positions and estimates of their effects on life span and age-specific mortality is prethis result. Flies carrying the roo marker at chromosomal position 69A have lower survival across all ages comsented in Table 5 . For each QTL position detected in block 1 (having the most power of QTL detection), we pared to the flies with the alternative allele.
QTL maps: As a second method of analyzing the data, also provide the estimated effects for block 2, as well as those for the study of Wang et al. (2004) using the same we mapped QTL affecting mean adult life spans and weekly mortality rates in each sex and block. Results for RILs. Even though a small number of RILs (48) were scored for block 2, diminishing the power to detect correlations between log-transformed life span and agespecific mortality are shown in Table 5 .
QTL, the estimated effects are highly concordant at 0.82 for males and 0.85 for females. Unfortunately, the Log-likelihood-ratio plots are shown in Figure 4 for the 3 haplotypes of the X chromosome, in Figure 5 for significance of these correlations is difficult to evaluate, because the estimated QTL effects are not independent. (Luckinbill and Clare 1985) . The effects of those QTL alleles were consistent across ages and confer resisEven more surprising is the marked similarity of estimates between the current experiment and the data of tance to oxidative stress . Are these patterns common for alleles segregatWang et al. (2004) . While the line means are only weakly positively associated, the QTL effects are remarkably ing in natural populations? To answer this question, we generated and analyzed a panel of recombinant inbred similar, with a correlation of 0.58 for both males and females. Of six QTL detected for life span by Wang et lines derived from flies caught in nature (Kopp et al. 2003) . Using moderate sample sizes, we previously estabal. (2004) , four are detected here at the same positions and with very similar magnitudes. The statistical nature lished genetic variation in life span of these lines in a normal and a no food environment (Wang et al. 2004) . of the discrepancy between highly correlated QTL effects and loosely correlated line means merits further Here, we report age-specific mortality QTL. We used a combination of survival analysis and comstudy.
posite interval mapping-two powerful statistical approaches. Our analysis could have possibly benefited DISCUSSION from employing other recently promoted techniques: a character process (Pletcher and Geyer 1999) and What are the genetic factors that underlie age-specific mortality in Drosophila? An answer to this question has a logistic mixture model (Wu et al. 2002) . The former technique is, unfortunately, not supported by the probeen available only for QTL alleles that were fixed due to selection for an extended reproduction period grams amenable to QTL mapping. In the spirit of the latter technique, we estimated line-specific survival patagonistic age-specific effects map to the same smaller interval. rameters and used them for QTL mapping. No QTL were supported by permutations as parameter estimaHazard functions specific for two marker alleles at significant QTL are plotted in Figure 7 . One should be tion was too noisy (data not shown). It appears that our sample sizes-‫001ف‬ flies per sex for most genotypescautious interpreting these figures at advanced ages as they are based on a small number of flies surviving in were insufficient.
With conventional QTL analyses, the effects of QTL, a few cages. Compare, for instance, the plots for markers 24CD, 69A, and 97B. After the age of ‫06ف‬ days, they while not statistically significant at every age, were largely concordant between ages and sexes (Table 5) . Two QTL appear nearly identical for females. Suffice it to say that at this age, only 11 RILs contributing to the estimation deviate from this pattern. The presence of roo at 12C is associated with increased mortality at age 3 weeks in remain (data not shown). If very few RILs sharing a genotype at these markers can survive, the survival patboth males and females. This same marker allele corresponds to slower death rate at age 9 weeks in males and terns for these markers will appear identical. This pattern can be explained by chance alone. Alternatively, at week 6 in females. Similarly, roo at 1E is associated with better survival of females early in life but poorer interactions between markers might be required for the flies to be able to survive to older age. Careful estimation survival late in life. These data could be interpreted as age-limited effects of at least two (per QTL) mutations.
of intralocus and interlocus allelic interactions across ages might be a worthwhile direction for future reAlternatively, they might represent long-sought-for QTL with antagonistic pleiotropic effects on mortality. Testsearch.
The genetic makeup of variation in age-specific moring this interesting hypothesis might be challenging. Only a few life span QTL were further dissected to tality has been a subject of much debate. The interest comes from different predictions on the additive porthe effects of individual genes DeLuca et al. 2003) . Every QTL appeared to be a comtion of age-specific mortality variance by alternative evolutionary aging theories (Charlesworth and Hughes posite effect of polymorphisms in several genes. We will have to split QTL support intervals with additional 1996) . While straightforward at first sight, the inferences are murky due to statistical difficulties of complex estirecombination breakpoints and test whether both an- et al. (2004) for the estimates at the most significant positions in their experiment. Underlined estimates are significant at the 0.05 level. mation procedures (Shaw et al. 1999) . Enflaming this associated with increased life span by a smaller amount. In fact, the latter estimate might be a shadow of the heated discussion is not the goal of this article. Rather, we point out that estimation of intralocus (dominance) former as the estimates of allelic effects on different haplotypes are not independent (see materials and and interloci interactions can be made in marker-based fashion-potentially providing new types of data for the methods for explanations; note that when a QTL is a part of a mixed distribution, the power of detecting its discussion.
Our study provides estimates of life span QTL allelic effect is low). This explanation might account for lowerfrequency QTL alleles decreasing mortality (another effects in different ages. Further, it compares the effect of an allele to the "population mean"-constructed for example is 88E on haplotype 2/3 of chromosome 3 vs. 89AB on haplotype 1). Note, however, that some positive our population of recombinant inbred lines from the mean of two other alleles for the X and third chromoeffects (see, for instance, 54C on the second haplotype of chromosome 2) are not colocalized with poor alleles somes-and of three other alleles for the second chromosome. This lets us test whether effects of lower-freon other haplotypes. Overall, we conclude that lowerfrequency alleles increasing mortality are more prevaquency alleles are primarily to increase mortality, as predicted by the mutational hypothesis of aging (Medalent, especially with effects at the beginning of life. Mutations in numerous genes appear to affect life war 1952). Of 55 age-specific significant effects, 35 increase mortality and 20 decrease it. Effects increasing span. QTL mapped between different parental stocks were thought to have, perhaps, low overlap. Somewhat mortality are more frequent at the beginning of life (29 of 41 during weeks 1-5) in comparison with those later surprisingly, it appears that there is substantial overlap. A number of QTL found here coincide with those found in life (6 of 14). One should be cautious taking these numbers at face value. For instance, marker 65C on by Vieira et al. (2000) . Pasyukova et al. (2000) precisely mapped life span QTL within two regions-33E-46C haplotype 4 of chromosome 3 is associated with decreased life span, but marker 67C on haplotype 2/3 is and 65D-85F. Both markers significant in survival analy- picked by QTL analysis. Testing these hypotheses repre-
